Introduction {#sec1}
============

Liver hepatocellular carcinoma (LIHC) is one of the most common causes of cancer-related mortality in the world.[@bib1], [@bib2], [@bib3] About 80% of LIHC patients have lost the chance of operation because of the occult onset and rapid progress.[@bib4], [@bib5], [@bib6] At present, all kinds of treatments for LIHC can delay the progress of LIHC, but they cannot significantly improve the survival period of LIHC patients in the middle and late stage.[@bib7], [@bib8], [@bib9] Therefore, it is urgent to study the molecular mechanism of LIHC, determine the biomarkers and treatment targets for disease diagnosis, and seek new treatment plans to improve the prognosis.

Noncoding RNAs (ncRNAs) are new kinds of transcripts encoded by the genome, but most of them are not translated into proteins.[@bib10], [@bib11], [@bib12], [@bib13] Although not translated, ncRNA performs various cellular and physiological functions. In particular, long noncoding RNA (lncRNA, ncRNA longer than 200 nt) regulates chromatin dynamics, gene expression, growth, differentiation, and development.[@bib14], [@bib15], [@bib16], [@bib17] In addition to mutations or aberrant expression in the protein-coding genes, mutations and misregulation of ncRNAs, in particular lncRNA, appear to play major roles in cancer.[@bib18], [@bib19], [@bib20] Much evidence shows that lncRNA is involved in many biological processes, such as cancer cell proliferation, apoptosis, invasion, and so on.[@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26] Moreover, because of their genome-wide expression patterns in a variety of tissues and their tissue specific expression characteristics, lncRNAs hold strong promise as novel biomarkers and therapeutic targets for cancer.[@bib27], [@bib28], [@bib29], [@bib30]

lncRNA OIP5 antisense RNA 1 (OIP5-AS1), a prominent tumor-associated lncRNA, contributes to intricate cellular mechanisms during tumorigenesis and development of malignant tumors.[@bib31], [@bib32], [@bib33], [@bib34], [@bib35] For example, it not only represses cyclin G-associated kinase (GAK) expression, thus impacting mitosis, but it also regulates proliferation, metastasis, and epithelial-to-mesenchymal transition (EMT) progress and apoptosis in many cancers, including lung adenocarcinoma, breast cancer, glioma, multiple myeloma, and colorectal cancer.[@bib36], [@bib37], [@bib38], [@bib39], [@bib40]

However, its specific mechanism and role in LIHC remains to be fully elucidated. The purpose of this study is to reveal that the abnormal expression of lncRNA is closely related to the occurrence and development of tumors, to explore the biological function of lncRNA and its regulatory mechanism in liver cancer, so as to understand the pathogenesis of diseases more comprehensively, and to find new diagnostic markers of diseases, as well as therapeutic targets, and provide new ideas and methods for treatment.

Results {#sec2}
=======

Identification of Significantly Dysregulated lncRNAs in LIHC {#sec2.1}
------------------------------------------------------------

Analysis from The Cancer Genome Atlas (TCGA) sequencing dataset identified a total of 5,326 significantly changed lncRNAs in LIHC, with the cutoff point of ≥2-fold changes (FCs) for upregulated lncRNAs and ≤0.5-FCs for downregulated lncRNAs. A total of 25 genes were extremely significantly changed (p \< 1E−40) in the tumor tissues group compared to the adjacent non-tumor tissues from LIHC patients, of which 23 were upregulated and 2 were downregulated ([Figure S1](#mmc1){ref-type="supplementary-material"}A).

Subsequently, Kaplan-Meier survival curves were plotted to estimate the prognostic value of 25 extremely significantly changed lncRNAs in LIHC. We recorded lncRNA expression level as high versus low using a cutoff point of the median. Univariate analysis of overall survival (OS) by Kaplan-Meier survival analysis indicated that high lncRNA CRNDE (p = 0.048; [Figure S1](#mmc1){ref-type="supplementary-material"}B), OIP5-AS1 (p = 0.032; [Figure S1](#mmc1){ref-type="supplementary-material"}C), or ZEB1-AS1 (p = 0.028; [Figure S1](#mmc1){ref-type="supplementary-material"}D) expression was associated with shorter OS in 371 LIHC patients.

In 371 LIHC samples, there was more CRNDE (FC = 9.61, p = 1.43E−41; [Figure S2](#mmc1){ref-type="supplementary-material"}A), OIP5-AS1 (FC = 1.53, p = 3.54E−42; [Figure S2](#mmc1){ref-type="supplementary-material"}B), and ZEB1-AS1 (FC = 2.93, p = 1.06E−44; [Figure S2](#mmc1){ref-type="supplementary-material"}C) expression when compared to non-tumor samples. In addition, in 50 pairs of LIHC samples and adjacent normal liver samples, the expression values of CRNDE (FC = 12.57, Pearson r = −0.12; [Figure S2](#mmc1){ref-type="supplementary-material"}D), OIP5-AS1 (FC = 2.14, Pearson r = −0.68; [Figure S2](#mmc1){ref-type="supplementary-material"}E), and ZEB1-AS1 (FC = 3.22, Pearson r = −0.25; [Figure S2](#mmc1){ref-type="supplementary-material"}E) in non-tumoral adjacent tissues and LIHC tissues were significantly negatively correlated.

Next, we evaluated the expression of CRNDE, OIP5-AS1, and ZEB1-AS1 expression levels in the Gene Expression Omnibus (GEO) database and only found upregulated OIP5-AS1 expression in GEO: [GSE104310](ncbi-geo:GSE104310){#intref0010} (FC = 2.56, p = 0.019; [Figure S2](#mmc1){ref-type="supplementary-material"}G). We then validated the aforementioned findings in another set of 38 paired LIHC versus non-cancerous tissue samples. GEO: [GSE84005](ncbi-geo:GSE84005){#intref0015} data also demonstrated that the OIP5-AS1 level was significantly enhanced in LIHC samples compared with that in normal controls (FC = 2.21, p = 0.003; [Figure S2](#mmc1){ref-type="supplementary-material"}H). Furthermore, analysis of 371 LIHC samples from TCGA sequencing dataset identified significant correlation between OIP5-AS1 expression and tumor stage ([Figure S2](#mmc1){ref-type="supplementary-material"}I).

lncRNA OIP5-AS1 Is Upregulated in LIHC Tissues and Cell Lines {#sec2.2}
-------------------------------------------------------------

The expression of OIP5-AS1 was detected by quantitative real-time PCR in 54 cases of liver cancer and six cell lines. The results showed that the expression of OIP5-AS1 in LIHC was significantly higher than that in adjacent tissues ([Figures 1](#fig1){ref-type="fig"}A and 1B). Compared with non-metastatic LIHC, the expression level of OIP5-AS1 in metastatic LIHC was significantly upregulated ([Figure 1](#fig1){ref-type="fig"}C), and the high expression was significantly related to tumor stage (p \< 0.01; [Figure 1](#fig1){ref-type="fig"}D). The expression of OIP5-AS1 in HepG2, Hep3B, SMMC-7721, and MHCC97H cells was significantly higher than that in L02 cells, and the highest expression was found in SMMC-7721 cells (p \< 0.05; [Figure 1](#fig1){ref-type="fig"}E). The expression levels of OIP5-AS1 in HepG2, Hep3B, SMMC-7721, and MHCC97H cells were significantly higher than that of L02 cells (p \< 0.05). Moreover, a Kaplan-Meier survival curve showed that in newly diagnosed patients with liver cancer, the OS of patients with high expression of OIP5-AS1 was significantly shortened ([Figure 1](#fig1){ref-type="fig"}F).Figure 1The Expression of OIP5-AS1 Was High in LIHC Samples and Cell Lines(A and B) The expression level (A) and correlation (B) of OIP5-AS1 in 54 pairs of LIHC tissues and adjacent noncancerous tissues were identified using quantitative real-time PCR. (C) Relative levels of OIP5-AS1 in patients with metastasis or without metastasis. (D) Expression levels of OIP5-AS1 in different stages are shown. (E) OIP5-AS1 expression level was examined in LIHC cell lines and a normal live cell line. (F) The Kaplan-Meier method was used to evaluate the relationship between OIP5-AS1 expression and overall survival of LIHC patients.

Knockdown of OIP5-AS1 Inhibits Cell Proliferation and Invasion *In Vitro* {#sec2.3}
-------------------------------------------------------------------------

In order to evaluate the effect of inhibiting the expression of OIP5-AS1 on the proliferation, apoptosis, and invasiveness of SMMC-7721 and MHCC97H cells, stable knockdown cell lines were obtained by short hairpin RNA (shRNA) interference with OIP5-AS1, and the expression of OIP5-AS1 in SMMC-7721 and MHCC97H cell lines was detected by quantitative real-time PCR, which confirmed that the expression level of OIP5-AS1 was significantly reduced ([Figures 2](#fig2){ref-type="fig"}A and 2B). The results showed that compared with Random shRNA sequence control (SCR), the growth rate of the shRNA1 and shRNA2 groups decreased significantly (p \< 0.05) in SMMC-7721 ([Figure 2](#fig2){ref-type="fig"}C) and MHCC97H ([Figure 2](#fig2){ref-type="fig"}D) cell lines. The apoptosis analysis in the shRNA1, shRNA2, and SCR groups was performed by flow cytometry, and the results showed that compared with the SCR group, the apoptosis of the shRNA1 and shRNA2 groups significantly increased (1.00 ± 0.06, p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}E). Transwell experimental analysis showed that the invasiveness of SMMC-7721 and MHCC97H cells after OIP5-AS1 shRNA was weaker than that in the SCR group (1.00 ± 0.06, p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}F).Figure 2Effects of OIP5-AS1 on LIHC Cell Proliferation and Apoptosis(A and B) Knockdown of OIP5-AS1 in SMMC-7721 (A) and MHCC97H (B) cells was confirmed by quantitative real-time PCR. (C and D) Viabilities of SMMC-7721 (C) and MHCC97H (D) cells were evaluated by a CCK-8 assay. (E) Cell apoptosis was assessed in SMMC-7721 and MHCC97H cells after OIP5-AS1 silencing by flow cytometry analysis. (F) Invasion of SMMC-7721 and MHCC97H cells was detected by a transwell invasion assay. ∗∗p \< 0.01.

OIP5-AS1 Is a Molecular Sponge Regulating hsa-miR-26a-3p {#sec2.4}
--------------------------------------------------------

In order to study the role of OIP5-AS1 in the carcinogenesis and development of liver cancer and the downstream regulated genes, we predicted the target through starBase 2.0 and found that the 3′ UTR of OIP5-AS1 matched the "seed sequence" of hsa-miR-26a-3p ([Figure 3](#fig3){ref-type="fig"}A). In order to verify whether OIP5-AS1 is the direct target of hsa-miR-26a-3p in hepatoma cells, we carried out a luciferase reporter gene assay to confirm that hsa-miR-26a-3p can combine with the 3′ UTR of OIP5-AS1. The results showed that the increased hsa-miR-26a-3p significantly inhibited the luciferase activity of wild-type (WT) OIP5-AS1 3′ UTR, but it had no effect on mutant (MT) 3′ UTR; on the contrary, the decreased hsa-miR-26a-3p increased the luciferase activity of WT OIP5-AS1 3′ UTR, but it did not affect the luciferase activity of MT OIP5-AS1 3′ UTR ([Figure 3](#fig3){ref-type="fig"}B). By inhibiting OIP5-AS1 in SMMC-7721 and MHCC97H cells, the expression of hsa-miR-26a-3p mRNA increased significantly (p \< 0.05, [Figure 3](#fig3){ref-type="fig"}C). Thus, OIP5-AS1 is a molecular sponge regulating hsa-miR-26a-3p.Figure 3Interaction between OIP5-AS1 and hsa-miR-26a-3p in LIHC(A) Sequence of the hsa-miR-26a-3p-binding site within the OIP5-AS1 predicted with starBase 2.0. Mutation was generated on the OIP5-AS1 in the complementary site for the seed region of hsa-miR-26a-3p. (B) Luciferase reporter assay was performed to detect the interaction between OIP5-AS1 with hsa-miR-26a-3p in HEK293T cells. (C) Expression of hsa-miR-26a-3p upon OIP5-AS1 silencing in LIHC cells was detected by quantitative real-time PCR. (D) hsa-miR-26a-3p expression in 54 pairs of LIHC tissues and adjacent noncancerous tissues. (E) Pearson's correlation curve showed the negative relationship between OIP5-AS1 and hsa-miR-26a-3p in LIHC tissues. ∗∗p \< 0.01.

Next, we detected the expression of hsa-miR-26a-3p in 54 paired LIHC and adjacent normal liver tissues. The data showed that the level of hsa-miR-26a-3p in liver cancer was significantly lower than that in adjacent normal liver tissues (p \< 0.05, [Figure 3](#fig3){ref-type="fig"}D). Spearman correlation analysis showed that the expression of OIP5-AS1 was negatively correlated with that of hsa-miR-26a-3p (n = 54, R^2^ = 0.47, p \< 0.001; [Figure 3](#fig3){ref-type="fig"}E).

Evaluation of Expression and Prognostic Value of hsa-miR-26a-3p in LIHC Patients {#sec2.5}
--------------------------------------------------------------------------------

We evaluated the expression of hsa-miR-26a-3p in TCGA sequencing dataset and found the lower hsa-miR-26a-3p expression in tumor tissues compared to the adjacent non-tumor tissues from LIHC patients (FC = 0.46, p = 1.24E−08; [Figure S3](#mmc1){ref-type="supplementary-material"}A). In 50 pairs of LIHC samples and adjacent normal liver samples, the expression values of hsa-miR-26a-3p in non-tumoral adjacent tissues and LIHC tissues were 10.85 ± 0.96 and 4.45 ± 0.12, respectively (FC = 0.41, p = 5.65E−25; [Figure S3](#mmc1){ref-type="supplementary-material"}B). The expression values of hsa-miR-26a-3p in non-tumoral adjacent tissues and LIHC tissues were significantly negatively correlated (Pearson r = −0.25, p = 0.0048; [Figure S3](#mmc1){ref-type="supplementary-material"}C). Furthermore, analysis of 371 LIHC samples from TCGA sequencing dataset identified significant correlation between hsa-miR-26a-3p expression and tumor stage ([Figure S3](#mmc1){ref-type="supplementary-material"}D). Low hsa-miR-26a-3p expression was associated with shorter OS in LIHC patients (p = 0.036; [Figure S3](#mmc1){ref-type="supplementary-material"}E). Kaplan-Meier analysis of OS indicated that low hsa-miR-26a-3p expression together with high OIP5-AS1 level were correlated with a worse OS (p = 0.002; [Figure S3](#mmc1){ref-type="supplementary-material"}F).

Next, we evaluated the correlation of hsa-miR-26a-3p and OIP5-AS1 expression levels and found a significant negative correlation between hsa-miR-26a-3p and OIP5-AS1 expression in 50 normal liver samples (Pearson r = −0.38, p = 0.042; [Figure S3](#mmc1){ref-type="supplementary-material"}G) and in 371 LIHC samples (Pearson r = −0.42, p = 3.68E−4; [Figure S3](#mmc1){ref-type="supplementary-material"}H). We then validated the aforementioned findings in a GEO set. GEO: [GSE21362](ncbi-geo:GSE21362){#intref0020} data demonstrated that the hsa-miR-26a-3p level was significantly downregulated in LIHC samples compared with that in normal controls (FC = 0.52, p \< 0.001; [Figure S3](#mmc1){ref-type="supplementary-material"}I). Data from GEO: [GSE36915](ncbi-geo:GSE36915){#intref0025} also demonstrated a decreased level of hsa-miR-26a-3p expression in LIHC samples compared with that in normal controls (FC = 0.33, p \< 0.001; [Figure S3](#mmc1){ref-type="supplementary-material"}J).

Furthermore, analysis of 241 LIHC samples from the GEO: [GSE6857](ncbi-geo:GSE6857){#intref0030} dataset identified that hsa-miR-26a-3p expression was lower in metastatic LIHC tissues compared with non-metastatic LIHC tissues (FC = 0.55, p \< 0.0001) or normal tissues (FC = 0.76, p \< 0.01) ([Figure S3](#mmc1){ref-type="supplementary-material"}K). Furthermore, LIHC samples from living (n = 178) and deceased (n = 59) patients were screened for hsa-miR-26a-3p expression, with expression values of 7.85 ± 0.89 and 3.29 ± 0.33, respectively (FC = 0.42, p \< 0.0001; [Figure S3](#mmc1){ref-type="supplementary-material"}L).

lncRNA OIP5-AS1 Negatively Regulated hsa-miR-26a-3p to Accelerate Cell Proliferation and Invasion in LIHC {#sec2.6}
---------------------------------------------------------------------------------------------------------

In order to further study the relationship between OIP5-AS1 and hsa-miR-26a-3p *in vitro*, we transfected anti-hsa-miR-26a-3p in SMMC-7721 and MHCC97H cells with OIP5-AS1 shRNA. When compared with the anti-miR-negative control (NC) group, the expression of hsa-miR-26a-3p in the anti-hsa-miR-26a-3p group decreased significantly (0.97 ± 0.11 versus 12.15 ± 1.48, p \< 0.05; [Figure 4](#fig4){ref-type="fig"}A). After knockdown of hsa-miR-26a-3p, the optical density (OD) value of cells was significantly higher than that of the anti-miR-NC group (1.03 ± 0.10 versus 0.21 ± 0.03, p \< 0.05; [Figure 4](#fig4){ref-type="fig"}B). By flow cytometry analysis, compared with the shRNA2 + anti-miR-NC group, the number of apoptotic cells in SMMC-7721 and MHCC97H cells in the shRNA2 + anti-hsa-miR-26a-3p group decreased significantly (1.00 ± 0.06, p \< 0.05) ([Figure 4](#fig4){ref-type="fig"}C). Furthermore, the invasiveness of SMMC-7721 and MHCC97H cells in the shRNA2 + anti hsa-miR-26a-3p group was significantly enhanced compared with that in the shRNA2 + anti-miR-NC group (1.00 ± 0.06, p \< 0.05) ([Figure 4](#fig4){ref-type="fig"}D). Thus, our data showed that the inhibition of hsa-miR-26a-3p partially eliminated the role of OIP5-AS1, resulting in the significant increase of proliferation, invasion, and inhibition of apoptosis in SMMC-7721 and MHCC97H cells inhibited by OIP5-AS1, suggesting that the change of hsa-miR-26a-3p partially promoted the proliferation, invasion, and inhibition of apoptosis of hepatoma cells mediated by OIP5-AS1.Figure 4Knockdown of hsa-miR-26a-3p Partially Reversed the Tumor Suppressor Role of OIP5-AS1 Silencing in LIHC(A) The expression of hsa-miR-26a-3p was decreased in cells co-transfected with sh-OIP5-AS1 and anti-hsa-miR-26a-3p compared with those only transfected with sh-OIP5-AS1. (B--D) Cell proliferation (B), apoptosis (C), and invasion (D) were determined as indicated. ∗∗p \< 0.01.

lncRNA OIP5-AS1 Acts as a Competing Endogenous RNA (ceRNA) for hsa-miR-26a-3p to Modulate EPHA2 Expression in LIHC cells {#sec2.7}
------------------------------------------------------------------------------------------------------------------------

In order to explore the mechanism of hsa-miR-26a-3p in the progression of liver cancer, we next searched for the candidate targets of hsa-miR-26a-3p on TargetScan and found that the 3′ UTR of EPHA2 matched the seed sequence of hsa-miR-26a-3p ([Figure 5](#fig5){ref-type="fig"}A). In order to verify whether EPHA2 is a direct target of hsa-miR-26a-3p in hepatoma cells, we carried out a luciferase reporter gene assay to confirm that hsa-miR-26a-3p can bind to the 3′ UTR of EPHA2. The analysis showed that the increased hsa-miR-26a-3p significantly inhibited the luciferase activity of WT EPHA2 3′ UTR, but it had no effect on the MT EPHA2 3′-UTR; on the contrary, the decrease of hsa-miR-26a-3p increased the luciferase activity of WT EPHA2 3′ UTR, but it did not affect the luciferase activity of MT EPHA2 3′ UTR ([Figure 5](#fig5){ref-type="fig"}B). By overexpression of hsa-miR-26a-3p in SMMC-7721 and MHCC97H cells, the expression of EPHA2 mRNA ([Figure 5](#fig5){ref-type="fig"}C) and protein ([Figure 5](#fig5){ref-type="fig"}D) was significantly lower than that in the control group.Figure 5OIP5-AS1 Promotes EPHA2 Expression by Regulating hsa-miR-26a-3p(A) Schematic representation of the hsa-miR-26a-3p binding sites in EPHA2 and the site mutagenesis. (B) Luciferase activity in HEK293T cells co-transfected with hsa-miR-26a-3p mimics or hsa-miR-26a-3p inhibitors and luciferase reporter plasmids containing wild-type EPHA2 or mutant EPHA2. (C and D) EPHA2 mRNA (C) and protein (D) levels in SMMC-7721 and MHCC97H cells following has-miR-26a-3p overexpression. (E) Relative mRNA expression levels of EPHA2 in 54 pairs of LIHC tissues and adjacent noncancerous tissues. (F) Pearson's correlation curve shows the negative relationship between OIP5-AS1 and hsa-miR-26a-3p in LIHC tissues. (G and H) EPHA2 mRNA (G) and protein (H) levels in SMMC-7721 and MHCC97H cells after OIP5-AS1 silencing. (I and J) The interaction of OIP5-AS1, miR-26a-3p, and EPHA2 mRNA was proved by RNA immunoprecipitation (RIP) assays in SMMC-7721 (I) and MHCC97H cells (J). (K) Protein expression of EPHA2 measured using western blot analysis as indicated. (L) Pearson's correlation curve shows the positive relationship between OIP5-AS1 and EPHA2 in LIHC tissues. ∗∗p \< 0.01.

Next, we detected the expression of EPHA2 in LIHC and paracancerous tissues. The data showed that the level of EPHA2 in LIHC was significantly higher than that in paracancerous tissues (p \< 0.05; [Figure 5](#fig5){ref-type="fig"}E). Spearman correlation analysis showed that OIP5-AS1 expression was negatively correlated with hsa-miR-26a-3p expression (n = 54, R^2^ = 0.41; [Figure 5](#fig5){ref-type="fig"}F). In order to clarify the relationship between OIP5-AS1, hsa-miR-26a-3p, and EPHA2, we detected the expression of EPHA2 in MHCC97H and MHCC97H cells with shRNA-interfering OIP5-AS1 by quantitative real-time PCR and western blot (WB) and found that the expression level of EPHA2 mRNA ([Figure 5](#fig5){ref-type="fig"}G) and protein ([Figure 5](#fig5){ref-type="fig"}H) decreased significantly. Besides, the enrichment of OIP5-AS1, miR-26a-3p, and EPHA2 mRNA was all easily observed in anti-Ago2-induced immunoprecipitations ([Figures 5](#fig5){ref-type="fig"}I and 5J), suggesting the co-existence of the above three molecules in RNA-induced silencing complex. These results indicate that EPHA2 is the downstream protein of hsa-miR-26a-3p in LIHC.

Then, after knockdown of hsa-miR-26a-3p in MHCC97H and MHCC97H cells, in which shRNA interfered with OIP5-AS1, we detected the expression of EPHA2 protein by WB and confirmed the high level of EPHA2 protein expression ([Figure 5](#fig5){ref-type="fig"}K). In addition, Spearman correlation analysis showed that the expression of EPHA2 was positively correlated with that of OIP5-AS1 (n = 54, R^2^ = 0.29; [Figure 5](#fig5){ref-type="fig"}L). Therefore, lncRNAOIP5-AS1 may enhance the function of EPHA2, promote cell proliferation, enhance cell invasion, and inhibit apoptosis by negatively regulating hsa-miR-26a-3p.

Knockdown of lncRNA OIP5-AS1 Inhibits Tumorigenesis *In Vivo* {#sec2.8}
-------------------------------------------------------------

In order to further confirm the significance of OIP5-AS1 function *in vivo*, we established a subcutaneous tumor model. The tumor growth curve showed that the interference of OIP5-AS1 with shRNA significantly inhibited tumor growth ([Figures 6](#fig6){ref-type="fig"}A and 6C) and tumor weight ([Figure 6](#fig6){ref-type="fig"}D). We detected the expression of hsa-miR-26a-3p in MHCC97H cells, in which shRNA interfered with OIP5-AS1, by quantitative real-time PCR and found that the expression level of hsa-miR-26a-3p was significantly increased ([Figure 6](#fig6){ref-type="fig"}E). However, the levels of EPHA2 mRNA ([Figure 6](#fig6){ref-type="fig"}F) and protein levels ([Figure 6](#fig6){ref-type="fig"}G) were significantly increased. Next, we stained the slice from subcutaneous tumor with Ki67 and found that the knockdown of OIP5-AS1 significantly reduced the number of Ki67-positive cells ([Figure 6](#fig6){ref-type="fig"}H), suggesting that knockdown of OIP5-AS1 results in a significant decrease in the number of proliferation cells stained with Ki67.Figure 6Antitumor Effects of OIP5-AS1 Silencing on Tumor Xenograft Mice(A) Representative tumor xenograft after the tumors were harvested. (B--D) Growth curve (B, SMMC-7721 cells; C, MHCC97H cells) and tumor weight (D) were measured. (E and F) quantitative real-time PCR detection of the expression levels of hsa-miR-26a-3p (E) and EPHA2 (F) in tumor xenografts. (G) Western blot detection of the protein level of EPHA2 in tumor xenografts. (H) Representative images of immunohistochemical detection of the proliferation index Ki67 *in vivo*. ∗∗p \< 0.01.

Discussion {#sec3}
==========

Liver cancer is one of the most common causes of cancer-related mortality in the world.[@bib41] Hepatocellular carcinoma accounts for the vast majority of all LIHC cases. Due to the occult onset and rapid progress of LIHC, 80% of the patients had lost the chance of operation.[@bib42] Palliative resection, radiofrequency ablation, transarterial chemoembolization (TACE), systemic chemotherapy, and traditional Chinese medicine treatment can alleviate the symptoms of patients and delay the progress of LIHC, but they cannot significantly improve the survival period of patients with advanced LIHC, which brings severe mental pressure and economic burden to patients.[@bib43], [@bib44], [@bib45], [@bib46] Therefore, it is urgent to study the molecular mechanism of LIHC occurrence and determine the biomarkers for disease diagnosis.

Much evidence shows that lncRNA plays an important role in the proliferation, apoptosis, invasion, migration, and metastasis of cancer cells, and it also plays an important role in the occurrence and development of cancer.[@bib47], [@bib48], [@bib49] At present, it has been found that there are significant differences in the expression of various lncRNAs in different tumor tissues.[@bib50], [@bib51], [@bib52], [@bib53] In the process of tumorigenesis and development, lncRNA plays an important role in regulating various biological functions. It has been found that lncRNA HOTAIR and STAT3 co-regulate the migration and invasion of cervical cancer cells.[@bib54] In addition, the expression of lncRNA colorectal cancer-related transcription factor-1 (CCAT1) was increased in gastric cancer, and CCAT1 was closely related to the proliferation and migration of gastric cancer cells.[@bib55] The expression level of lncRNA BANCR in bladder cancer tissue samples was significantly lower than that in paracancerous tissue, and the low expression of BANCR was closely related to the clinical stage of bladder cancer patients.[@bib56]

Since the biological function of lncRNA has been of interest, research on the relationship between the differential expression of lncRNA in tumor and the tumorigenesis mechanism has been gradually carried out and deepened.[@bib57], [@bib58], [@bib59] Some lncRNAs have been proven to play an important role in the occurrence and development of liver cancer, and they are related to the recurrence, metastasis and prognosis of liver cancer. lncRNA HULC is found to be highly express in LIHC, which is related to tumor, node, and metastasis (TNM) stage, intrahepatic metastasis, recurrence, and prognosis.[@bib60] HULC can promote tumor angiogenesis by upregulating the expression of sphingosine kinase 1.[@bib61] The low expression of MEG3 in LIHC can promote the transcriptional activity of p53, change the expression of the p53 target gene, and inhibit the growth of LIHC.[@bib51] Additionally, lncRNA can target transcription factors, RNA polymerases, and so forth to affect gene transcription process and regulate gene transcription and expression.

Many studies have found that the high expression of OIP5-AS1 in lung cancer, breast cancer, multiple myeloma, and other tumors can promote the occurrence and development of tumors.[@bib62], [@bib63], [@bib64], [@bib65] Additionally, OIP5-AS1 is a ceRNA in hepatoblastoma cells through modulating miR-186a-5p/ZEB1. Knockdown of OIP5-AS1 expression inhibits proliferation, metastasis, and EMT progress in hepatoblastoma cells through upregulating miR-186a-5p and downregulating ZEB1.[@bib33]^,^[@bib66] In this study, our results showed that the expression of OIP5-AS1 in LIHC was significantly higher than that in the matched adjacent tissues, and its high expression was significantly correlated with tumor size and tumor stage. The expression of OIP5-AS1 in the LIHC cell line was significantly higher than that in the normal LIHC cell line. These results suggested that OIP5-AS1 might be involved in the development of LIHC. These data suggest that OIP5-AS1 can be identified as a potential biomarker of prognosis in LIHC patients.

In addition, we found that OIP5-AS1 can promote the proliferation of hepatoma cells, inhibit apoptosis, and enhance cell invasion *in vitro*. In the subcutaneous tumorigenesis experiment of nude mice, OIP5-AS1 was interfered with by shRNA, which significantly inhibited tumor growth and tumor weight; the knockdown of OIP5-AS1 resulted in a significant decrease in the number of proliferation cells stained with Ki67. With regard to the mechanism, our results suggest that lncRNA OIP5-AS1 is a molecular sponge regulating hsa-miR-26a-3p. The inhibition of hsa-miR-26a-3p partially eliminated the effect of OIP5-AS1, resulting in the significant increase of proliferation, invasion, and inhibition of apoptosis in SMMC-7721 and MHCC97H cells inhibited by OIP5-AS1, suggesting that OIP5-AS1 may negatively regulate the proliferation, invasion, and apoptosis of hepatoma cells promoted by hsa-miR-26a-3p.

Furthermore, it was found that EPHA2 was the direct target of hsa-miR-26a-3p. EPHA2 is a kind of Eph receptor tyrosine kinase.[@bib67] It can promote protein tyrosine phosphorylation of its own and downstream substrates by binding to its ligand ephrinal, and then play a role in cell growth and proliferation.[@bib68], [@bib69], [@bib70] EPHA2 was found to be highly expressed in breast cancer, gastric cancer, glioblastoma, and other tumors, and it is involved in the growth, differentiation, and proliferation of tumor cells.[@bib71], [@bib72], [@bib73] In this study, we found that the expression of EPHA2 was negatively correlated with the expression of hsa-miR-26a-3p, but it was positively correlated with the expression of OIP5-AS1. lncRNA OIP5-AS1 may enhance the function of EPHA2, promote cell proliferation, enhance cell invasion, and inhibit apoptosis by negatively regulating hsa-miR-26a-3p. Therefore, this study deepens our understanding of the pathogenesis of liver cancer and provides an important basis for the prognosis and diagnostic markers of liver cancer.

Materials and Methods {#sec4}
=====================

Tissue Samples and Cell Lines {#sec4.1}
-----------------------------

A total of 54 paired LIHC tissues and adjacent normal liver tissue samples were collected from patients who received surgery at the Shanghai Tenth People's Hospital, Tongji University School of Medicine between January 2012 and December 2016. None of the patients received adjuvant therapy before surgery. This study protocol was in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Shanghai Tenth People's Hospital, Tongji University School of Medicine (approval no. SHSY-IEC-2019K10). All of the specimens were immediately frozen in liquid nitrogen and stored at −80°C until use.

The normal liver cell line L02 and five LIHC cell lines (MHCC97H, HepG2, Hep3B, SMMC-7721, and Bel-7402) were purchased from the Institute of Biochemistry and Cell Biology (Shanghai, China). All cells were cultured in DMEM medium (Gibco-BRL, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin.

TCGA Data Acquisition and Processing {#sec4.2}
------------------------------------

We downloaded RNA-sequencing data from 371 LIHC patients from TCGA portal (<https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga>), 50 of which had paired normal liver tissues.[@bib74] The lncRNA, microRNA (miRNA), and mRNA expression levels were investigated in 371 LIHC tissues and 50 normal liver tissues in TCGA datasets by Illumina HiSeq 2000 RNA sequencing version 2 analysis and normalized by the RSEM algorithm.[@bib75] The clinical information recorded, including the patient's characteristics, tumor characteristics, and OS, was assessed.

Acquisition of GEO Database Data {#sec4.3}
--------------------------------

The present study downloaded the raw data on GEO: [GSE104310](ncbi-geo:GSE104310){#intref0040}, [GSE84005](ncbi-geo:GSE84005){#intref0045}, [GSE84005](ncbi-geo:GSE84005){#intref0050}, [GSE21362](ncbi-geo:GSE21362){#intref0055}, and [GSE6857](ncbi-geo:GSE6857){#intref0060} from the GEO database.[@bib76] The GEO: [GSE104310](ncbi-geo:GSE104310){#intref0065} dataset includes RNA sequence data in 12 tumor samples and 8 non-tumor liver tissues collected from LIHC patients during surgeries at the Sun Yat-sen University Cancer Center, whereas the GEO: [GSE84005](ncbi-geo:GSE84005){#intref0070} dataset includes mRNA expression data from 38 pairs of tumor tissues and adjacent non-tumor tissues from LIHC patients. The GEO: [GSE84005](ncbi-geo:GSE84005){#intref0075} dataset includes gene expression profiles conducted in 68 primary LIHC and 21 noncancerous hepatic tissues. The GEO: [GSE21362](ncbi-geo:GSE21362){#intref0080} dataset includes miRNA expression profiles conducted in 73 paired primary LIHC and noncancerous hepatic tissues. The GEO: [GSE6857](ncbi-geo:GSE6857){#intref0085} dataset includes gene expression profiles conducted in primary LIHC and corresponding noncancerous hepatic tissues from 244 Chinese HCC patients. The present study utilized these sets of differentially expressed lncRNA, miRNA, and mRNA data to identify differentially expressed genes for LIHC.

RNA Extraction and quantitative real-time PCR {#sec4.4}
---------------------------------------------

Total RNA from LIHC samples and cell lines was isolated with TRIzol reagent (Life Technologies, Grand Island, NY, USA) according to the manufacturer's protocol.[@bib77] RNA was reverse transcribed into complementary DNA (cDNA) using PrimeScript RT master mix (Takara, Dalian, China), and quantitative real-time PCRwas performed with a SYBR Premix Ex Taq II (perfect real-time) kit (Takara) on an ABI Prism 7900 HT sequence detection system (Applied Biosystems, Foster City, CA, USA).[@bib78] U6 was used as an endogenous control for miRNA, and GAPDH was used for other target genes. The primers used for quantitative real-time PCR were listed as follows: GAPDH, forward, 5′-AGGGCTGCTTTTAACTCTGGT-3′, reverse, 5′-CCCCACTTGATTTTGGAGGGA-3′; EPHA2, forward, 5′-ACCCCCACACATATGAGGAC-3′, reverse, 5′-TGGATGGATCTCGGTAGTGA-3′; and OIP5-AS1, forward, 5′-GGTCGTGAAACACCGTCG-3′, reverse, 5′- GTGGGGCATCCAGGGT-3′. The 2^−ΔΔCT^ method was used to analyze expression levels.[@bib79]

Plasmid Construction {#sec4.5}
--------------------

The shRNAs targeting OIP5-AS1 were synthesized by Sangon Biotech (Shanghai, China) and inserted into a pLKO.1-TRC cloning vector (Addgene). The target sequence was 5′-GTGACTTAAACAGCTTAAATT-3′ (shRNA1) and 5′-TAAACAGTGACTTTAAATTGT-3′ (shRNA2), respectively. Also, the pLKO.1-TRC control vector was used as a control (named as SCR).

The sequence of the hsa-miR-26a-3p-binding site within the OIP5-AS1 was predicted with starBase 2.0 (<http://starbase.sysu.edu.cn>). The fragment of OIP5-AS1 and the EPHA2 3′ UTR containing the binding site of hsa-miR-26a-3p were amplified by PCR and cloned into the pmirGLO Dual-Luciferase target expression vector (Promega, Madison, WI, USA).[@bib80] Site mutations were introduced to the WT to construct the MT. All constructions were confirmed by Sanger sequencing.

Cell Transfection and Lentiviral Particles Produced {#sec4.6}
---------------------------------------------------

HEK293T cells were seeded in 96-well plates and cultured for 24 h. Cells were co-transfected with reporter plasmid and hsa-miR-26a-3p mimics or inhibitors. After 24-h transfection, a luciferase assay was determined using the Dual-Luciferase kit (Promega, Madison, WI, USA).

The lentivirus-mediated OIP5-AS1 shRNAs were co-transfected with a packaging system using Lipofectamine 3000 (Thermo Fisher Scientific) in HEK293T cells according to the manufacturer's protocol.[@bib81] LIHC cells were infected with lentiviral particles in the presence of 8 μg/mL Polybrene (Sigma-Aldrich, St. Louis, MO, USA) and selected with 1.5 μg/mL puromycin (Sigma-Aldrich). Suppression of OIP5-AS1 expression was confirmed by quantitative real-time PCR.

Cell Proliferative and Invasion Array {#sec4.7}
-------------------------------------

LIHC cells transfected under different conditions were seeded into 96-well plates at a density of 3 × 10^3^ cells per well. Proliferative viability was detected at the indicated time using a Cell Counting Kit-8 (CCK-8, Dojindo, Japan) according to the manufacturer's specifications.[@bib74]

For invasion array, 100 μL of LIHC cells (1 × 10^5^) was suspended in FBS-free medium and seeded into the upper chamber of transwell chamber (Millipore, NY, USA). 600 μL of culture medium containing 20% FBS was added into the lower chamber. After incubation for 24 h at 37°C in 5% CO~2~, cells on the upper surface of upper chamber were removed with cotton swabs and stained using 0.5% crystal violet. The number of invaded cell was counted in five random fields under an IX71 microscope (Olympus, Japan).[@bib75]

Chromatin Immunoprecipitation (ChIP) {#sec4.8}
------------------------------------

The ChIP assays were carried out using the Magna ChIP kit (Millipore, Billerica, MA, USA) following the manufacturer's instructions.[@bib76]^,^[@bib78]^,^[@bib80] First, the crosslink between DNA and proteins was fixated by using formaldehyde for 30 min. Then, the DNAs isolated from LIHC cells were fragmented into 200--1,000 bp using sonication. Subsequently, the fragmented DNAs were incubated overnight with protein A/G beads containing antibodies against EPHA2 or immunoglobulin G (IgG) (negative control). The subsided DNA fragments were determined through quantitative real-time PCR.

Flow Cytometry Analysis {#sec4.9}
-----------------------

Apoptosis analysis was performed using a fluorescein isothiocyanate (FITC)-annexin V apoptosis detection kit I (BD Biosciences, San Jose, CA, USA).[@bib82] LIHC cells transfected under different conditions were harvested and stained with 5 μL of propidium iodide (PI) and 5 μL of FITC-annexin V. After incubation for 20 min in the dark at room temperature, the stained cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences).[@bib83], [@bib84], [@bib85]

Western Blot {#sec4.10}
------------

Total protein from LIHC cells was extracted using cell lysis buffer. Protein concentration was analyzed using standard procedures for western blotting. After incubation with the appropriate horseradish peroxidase-conjugated secondary antibodies, the membranes were treated with an enhanced chemiluminescence reagent (Merck Millipore, Germany), exposed to X-ray film (Eastman Kodak, Rochester, NY, USA), and quantified by densitometry (Eastman Kodak, Rochester, NY, USA). The rabbit monoclonal antibody for EPHA2 (catalog no. ab185156) and GAPDH antibody (catalog no. ab181602) were purchased from Abcam (Cambridge, MA, USA) and used for western blot analyses. The goat anti-rabbit IgG (Merck) and goat anti-mouse IgG (Merck) antibodies were used for western blot analyses. Antibody dilutions were 1:2,000 for primary antibodies and 1:10,000 for secondary antibodies in western blotting.

Tumor Inoculation Assay in Nude Mice {#sec4.11}
------------------------------------

About 6- to 8-week-old BALB/c male mice were purchased from Shanghai SLAC Laboratory Animal Company (Shanghai, China). All the animals used in this study were approved by the Institutional Animal Care and Use Committee of the Shanghai Tenth People's Hospital, Tongji University School of Medicine (permit no. 20180426SF). All procedures were performed essentially as previously described.[@bib86] In brief, 1 × 10^7^ viable cells were subcutaneously injected into the flanks of mice. Tumor growth was examined every 3 days using a vernier caliper and the mice were sacrificed 4 weeks later. Subcutaneous xenografts were resected, weighed, and stained for immunohistochemistry (IHC).

Statistical Analysis {#sec4.12}
--------------------

All statistical analysis was carried out using GraphPad Prism version 8.0 for Windows (GraphPad, CA, USA). The Student's t test was used for comparison of differences between two groups. Correlations among OIP5-AS1, hsa-miR-26a-3p, and EPHA2 expression were analyzed using a Pearson correlation test. Hierarchical clustering was performed using the multiple experiment viewer (MeV) 4.7.1 software programs. Kaplan-Meier curves and the a log rank test were used to assess the OS of LIHC patients. Data are presented as mean ± standard deviation, and a p value \<0.05 was considered statistically significant.
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